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PARTIAL DISCHARGE SYNTHESIZER

CROSS-REFERENCE OF RELATED
APPLICATION

The present application 1s based on and claims the benefit
of U.S. provisional patent application Ser. No. 62/685,337,
filed Jun. 15, 2018, the content of which 1s hereby 1ncorpo-
rated by reference 1n 1ts entirety

FIELD

The present disclosure relates to diagnostics of electrical
components. More specifically, the present disclosure relates
to a partial discharge detection system for detecting a partial
discharge 1n such electrical components.

BACKGROUND

High voltage electrical components such as those used in
power distribution and switching, use dielectric materials or
other insulators to provide electrical isulation. In some
instances, the insulator can completely fail leading to a
discharge path through the electrical insulator. However, 1n
other 1stances, a partial discharge or arc or flashover may
occur through only a small portion of the insulator. Such an
event does not typically immediately result 1n a complete
tailure of the electrical insulator but does lead to degradation
of the component and may eventually lead to a complete
tailure.

Dielectrics (insulators) are specified to have a breakdown
voltage (BV) well above the operational requirements to
provide a margin of salety against short term transient
overvoltages, localized defects and aging. Recently manu-
factured assets for medium and high voltage are typically
tested for defects and weak spots at commissioning; how-
ever numerous aging assets have insulators of unknown
quality. Furthermore, as insulators age, weak spots become
weaker and defects evolve and expand. Under certain load
conditions a dielectric breakdown will 1mitiate across the
defect, causing a partial arc between the conductors at
different potentials and/or within cracks and voids within the
dielectric.

As opposed to a complete flashover, the partial discharge
does not provide a high current path between conductors.
The localized fault 1s confined to the defect and the fault
current 1s limited by the capacitive reactance of the remain-
der of the insulator thickness 1n series with the defect. Such
defects can happen along the surface of an insulator (e.g.
tracking faults) or internal to a solid insulator. A more
common class of surface discharge occurs near a metal-air
boundary at sharp edges. Electrons emitted from the sharp
edge 10n1ze the air, causing a corona discharge.

In any case, the breakdown of the defect causes a small,
but sudden, rise in current ranging from a few milliAmperes
to a few Amperes lasting for about a nanosecond. The result
1s a sudden discharge ranging from a few picoCoulombs to
tens of nanoCoulombs. A distressed insulator could have as
few as a single defect to an arbitrarily large number of
defects. Where multiple defects exist, they will typically
occur at unique breakdown voltages, therefor being distrib-
uted over time or phase of the line voltage.

Since the discharge 1s limited in intensity and confined to
a defect, 1t 1s not an immediate threat to the health of the
asset. However, the collapse of an electric potential through
a current spike represents a highly localized dissipation of
clectric power. While the electric potential that collapses 1s
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a fraction of the system working voltage, it ranges from
several hundred to several thousand volts and represents an
instantancous power ranging from a few Watts to a few
kilowatts.

While the energy losses are not an operational concern at
such low levels and time durations, the results can be
problematic. Even though the total energy losses are small
because of the short duration; each discharge causes addi-
tional stress to the defect, which worsens over time.

Partial discharge can be recognized by any of a number of
consequences and symptoms. The discharges cause voltage
or current spikes that travel along the conductors until they
are dissipated—either through conductive losses, reactive
dispersion, or electromagnetic radiation of energy as ultra
high frequency (UHF) and very high frequency (VHF)
emissions. The ultimate fate of these pulses depends greatly
on the nature of the defect location. Pulses are known to
travel kilometers along shielded cable since the conductor
losses are low and the shielding reduces electromagnetic
radiation. The most significant influence of such propagation
1s that the cables are low loss transmission line filters and,
with increasing distance, the detectable energy i1s concen-
trated at low frequencies. I the pulses are not completely
radiated or dissipated, they eventually terminate to earth as
transient earth voltage (TEV) faults.

In other assets the situation 1s different and radiative
losses are more likely. The discharges therefore often cause
clectromagnetic emissions at the point of discharge that can
interfere with radio communications nearby it the defect 1s
in an outdoor asset. The mterference with AM radios was
one of the first symptoms used to detect and 1dentily partial
discharge. Energy 1s also dissipated as ultraviolet and acous-
tic emissions 1f the defects are sufliciently close to an air
boundary.

In addition to the energy emissions (radio waves, ultra-
sound, and optical) that occur during a discharge, there are
visual indications of past discharges including pitted damage
to conductors, deformation and discoloration of insulators
from the localized heating, and deposition of oxidized
material as a fine white powder.

The use of AM radios to detect the interference 1s a classic
technique; however early versions of this method were not
quantitative nor were they able to verity that the source of
interference was from partial discharge as opposed to corona
or conducted interference from radio equipment being radi-
ated from connected equipment.

One of the most reliable methods for detection and
analysis of partial discharge is the direct observation of the
current and voltage spikes. The sudden discharge 1s always
associated with a localized change 1n current with an aver-
age 1mpulse current equal to the discharge divided by the
duration of the event. Since all electrical systems have finite
transmission line impedance, the current spike has a corre-
sponding voltage spike. Using a high voltage capacitive
coupler to sample the voltage pulse or a high frequency
current transformer to sample the current pulse gives a
nearly direct picture of the discharge. There 1s still some
variability 1n the detectable pulses at accessible locations in
the asset depending on the location of the defect; however,
this variability 1s generally believed to be smaller than for
other methods of detection and most analytical equipment
uses this method. IEC60270 accounts for this uncertainty by
referring to the calibrated scale as apparent charge. That 1s,
it 1s the measured or “apparent” charge response that cor-
relates to a reference charge 1njected to the equipment at a
reference location. Real discharges occurring at locations
other than the reference location might deviate from the
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reference value, and thus the apparent value, but are quan-
tified by their apparent magnitude.

The measurement of apparent charge has several
strengths, including an ability to analyze the pulse shape of
cach pulse and the ability to assemble a graph of the
discharge events relative to the phase of the power line
wavelorm, called phase-resolved partial discharge (PRPD).

Advanced methods add numerical analysis of the pulse
shape of individual pulses to discern valid discharges from
other sources ol current and voltage spikes. Systems using
multiple detectors can employ time of tlight analysis to
locate the defect.

The direct observation has significant drawbacks. The
foremost 1s expense. While the cost of failures 1n the electric
orid almost always outweighs the cost of prevention, ana-
lytical mstruments are still too expensive to be deployed as
ubiquitous, early warning systems.

Furthermore, while the detailed information 1s critical to
determining the location and root cause of discharges, there
1s simply too much information for ubiquitous deployment
and the SCADA (Supervisory Control and Data Acquisition)
requirements would be overwhelming Finally, the coupling
detectors are contact methods of measurement. While they
are designed for sale operation at the rated voltages, dust,
humidity, and breakdown of the nearby msulators can impair
their safety over time. As permanent, early warning systems
these solutions have been historically limited to extremely
high value generation and transmission assets with less
widespread deployment down the distribution network,
where they are typically deployed after a problem 1s sus-
pected.

Indirect analytical instruments measure surface transients
on grounding material (transient earth voltage, TEV), high
frequency current transiformer (HFCT) signals, or radiated
energy detected to baseband to obtain a signature of the
original pulses. While indirect methods inherently lose some
of the analytical information on the pulse signature, the time
of tlight and phase-resolved timing of the direct methods are
retained. So 1s the overwhelming burden of data.

The indirect analytical instruments eliminate the safety
concern by ofl

ering noncontact operation and are also
capable of temporary installation onto live systems. The
systems can also be somewhat lower cost, although typically
with reduced analytical capability. Their additional draw-
back 1s a loss of calibration. The transduction of a discharge
to the indirect parameter (TEV, VHE, UHF, acoustic, and
optical) 1s not able to be quantitatively predicted so the
systems are calibrated to an external stimulus and relative
measurements of partial discharge are made.

Validation, calibration, and self-test instrumentation for
monitoring high voltage assets for partial discharge assists in
maintaining equipment and the like. Prior art instrumenta-
tion includes contact calibration of off-line, IEC60270 mea-
surements and various square wave, rectangular wave, or
radio frequency (RF) burst generators for ‘calibrating’ on-
line probes. There 1s little or no correlation between the
simple wave generators and partial discharge, with the most
direct correlation being the use of a high slew rate square
wave to calibrate an IEC60270 method.

These types of configurations do not generate a break-
down signature that can be monitored through UHF detec-
tion methods. Instead, the step change 1n voltage, mjected
through an insertion capacitor and measured through a
measurement capacitor has a direct correlation to an appar-
ent charge at the measurement point as Q,_,,,=CAV, where C
1s the capacitance of a coupling capacitor and AV 1s the
voltage step. This type of configuration may only be used for
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IEC60270 equipment measuring partial discharge by detect-
ing small voltage spikes 1n the power wavetorm through a

second capacitor. Neither the calibration nor the detection
directly measures partial discharge at the point of electrical
failure, but instead only measure an apparent charge.
On-line measurement systems are not able to be used as
on-line, built-in self-test (BIST) and the process of calibrat-
ing the systems requires adding and removing connections.

SUMMARY

A system of one or more computers or controllers can be
configured to perform particular operations or actions by
virtue of having software, firmware, hardware, or a combi-
nation of them installed on the system that in operation
causes or cause the system to perform the actions. One or
more computer programs can be configured to perform
particular operations or actions by virtue of including
instructions that, when executed by data processing appa-
ratus, cause the apparatus to perform the actions. One
general aspect includes an apparatus for generating electrical
discharge, including a component that generates an electri-
cal discharge, a measurement circuit configured to measure
a magnitude of the electrical discharge, and a controller
configured to control the magnitudes of the electrical dis-
charge. Other embodiments of this aspect include corre-
sponding computer systems, apparatus, and computer pro-
grams recorded on one or more computer storage devices,
cach configured to perform the actions of the methods.

Implementations may include one or more of the follow-
ing features. The apparatus where the controller 1s further
configured to correct a magnitude of a subsequent discharge
based on a measured magnitude of a previous discharge. The
apparatus where the component that generates an electrical
discharge 1s a gas discharge tube. The apparatus and further
including an switched inductance, where the electrical dis-
charge 1s generated by the switched inductance applying a
voltage impulse to the gas discharge tube. The apparatus and
further including a resistance element coupled 1n series
between the switched inductance and the gas discharge tube,
where the magnitude of the electrical discharge 1s controlled
by adjusting a resistance of the resistance element. The
apparatus and further including a shunt capacitance element
coupled 1n parallel with the gas discharge tube, where the
magnitude ol the discharge 1s controlled by adjusting a
capacitance of the shunt capacitance element. The apparatus
and further including a capacitance element coupled 1n
series with the gas discharge tube, where the magnitude of
the discharge 1s controlled by adjusting a capacitance of the
capacitance element. The apparatus where the capacitance
clement 1s coupled between the gas discharge tube and a
return path of the discharge. The apparatus where the
capacitance element 1s an integrating capacitance. The appa-
ratus and further including: a stepped dc voltage source; and
a resistance element coupled in series between the stepped
dc voltage source and the gas discharge tube; where the
controller 1s further configured to generate the discharge by
applying the stepped dc voltage through the resistance
clement to the gas discharge tube. The apparatus where the
controller 1s further configured to control the magnitude of
the discharge by varying the stepped dc voltage. The appa-
ratus where the magnitude of the discharge 1s controlled by
adjusting a resistance of the resistance element. The appa-
ratus and further including a shunt capacitance element
coupled in parallel with the gas discharge tube, where the
magnitude of the discharge 1s controlled by adjusting a
capacitance of the shunt capacitance element. The apparatus
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and further mcluding a capacitance element coupled 1n
series with the gas discharge tube, where the magnitude of
the discharge 1s controlled by adjusting a capacitance of the
capacitance element. The apparatus where the measurement
circuit includes a sense resistor in a discharge path of the
clectrical discharge. The apparatus where the measurement
circuit includes a hall sensor 1n a discharge path of the
clectrical discharge. The apparatus where the measurement
circuit 1ncludes an integrating capacitance in a discharge
path of the electrical discharge. The apparatus and further
including: a first current minor having an mput coupled to a
discharge path of the component that generates the electrical
discharge. The apparatus may also include a sensor, the
sensor coupled to an output path of the first current minor,
the sensor sensing a magnitude of the electrical discharge.
The apparatus where the measurement circuit includes a
sense resistor coupled to the discharge path. The apparatus
where the measurement circuit includes a hall sensor mea-
suring electrical discharge 1n the discharge path. The appa-
ratus where the measurement circuit includes an integrating,
capacitance in the discharge path. The apparatus and further
including: a second current minor having an mput coupled
to a reference capacitance matching a capacitance of the
component that generates the electrical discharge; and a
reference sensor, the reference sensor coupled to an output
path of the second current minor, the reference sensor
sensing a magnitude of the electrical current in the reference
capacitor without electrical discharge; and a meter coupled
to the sensor and the reference sensor, the meter generating
a diflerence between a magnitude at the output path of the
first current minor and the output path of the second current
minor. Implementations of the described techniques may
include hardware, a method or process, or computer sofit-
ware on a computer-accessible medium.

Another general aspect includes a system, imncluding an
clectric power system 1ncluding a partial discharge measure-
ment component, and an apparatus configured to generate
clectrical discharges. The apparatus includes a component
that generates an electrical discharge, a measurement circuit
configured to measure a magnitude of the electrical dis-
charge, and a controller configured to control the magnitudes
of the electrical discharge. Other embodiments of this aspect
include corresponding computer systems, apparatus, and
computer programs recorded on one or more computer
storage devices, each configured to perform the actions of
the methods.

Implementations may include one or more of the follow-
ing features. The system where the controller i1s further
configured to perform a built-in self-test calibration process
of measurement instruments integral to the system by:
sequentially instructing the apparatus to perform a seli-test
of the larger system and 1ts measurement systems by gen-
erating and internally measuring an electrical discharge at a
predetermined level 1n a predetermined pattern. The system
may also include internally measuring a response to the
seli-test electrical discharge with the measurement circuit.
The system may also include externally measuring a system
response to the internally measured discharge. The system
may also include determining a calibration state of the
external measurement circuit. The system may also include
using the calibration state to adjust the external measure-
ment circuit. Implementations of the described techniques
may include hardware, a method or process, or computer
soltware on a computer-accessible medium.

Another general aspect includes a method for controlling
a reference partial discharge signal 1 an electric power
system, mncluding generating a partial discharge for built 1n
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self test; and controlling an expected discharge magmtude of
the partial discharge. The method also includes measuring
an actual discharge magnitude of the partial discharge. Other
embodiments of this aspect include corresponding computer
systems, apparatus, and computer programs recorded on one
or more computer storage devices, each configured to per-
form the actions of the methods.

Implementations may include one or more of the follow-
ing features. The method and further including adjusting the
actual discharge magnitude by adjusting the expected dis-
charge magnitude 1n response to iternally-measured actual
discharge magnitude. The method and further including
correcting a magnitude of a subsequent discharge based on
a measured magnitude of one or more previous discharges.
The method where generating a partial discharge includes
generating with a gas discharge tube. The method where
controlling the expected discharge magnitude includes gen-
crating the partial discharge with a switched inductance
applying a pulse to the gas discharge tube. The method
where controlling an expected discharge magnitude includes
adjusting a resistance ol a resistance element coupled 1n
series between the switched inductance and the gas dis-
charge tube. The method where controlling an expected
discharge magnitude includes coupling a shunt capacitance
clement 1n parallel with the gas discharge tube and adjusting
a capacitance of the shunt capacitance element. The method
where controlling an expected discharge magnitude includes
coupling a capacitance element 1n series with the gas dis-
charge tube and controlling the magnitude of the discharge
by adjusting a capacitance of the capacitance element. The
method and further including integrating the discharge cur-
rent with the capacitance element. The method where con-
trolling the expected discharge magnitude includes: provid-
ing a stepped dc voltage source; providing a resistance
clement coupled 1n series between the stepped dc voltage
source and the gas discharge tube; and generating the partial
discharge applying the stepped dc voltage through the resis-
tance element to the gas discharge tube. The method and
turther including controlling the magnitude of the partial
discharge by varying the stepped dc voltage. The method
and further including controlling the magnitude of the partial
discharge by adjusting a resistance of the resistance element.
The method and further including controlling the magnitude
of the partial discharge by adjusting a capacitance of a shunt
capacitance element coupled in parallel with the gas dis-
charge tube. The method and further including controlling
the magnitude of the partial discharge by adjusting a capaci-
tance of a capacitance element coupled 1n series with the gas
discharge tube. The method where the capacitance element
1s coupled between the gas discharge tube and a return path
of the discharge. The method and turther including integrat-
ing a discharge current from the gas discharge tube with the
capacitance element. The method and further including:
coupling an input of a first current mirror to a discharge path
of the gas discharge tube; and sensing a magnitude of the
partial discharge at an output path of the first current mirror.
The method and further including: coupling an mput of a
second current mirror to a reference capacitance matching a
capacitance of the gas discharge tube; sensing a magnitude
of the current flowing in the reference capacitor in the
absence of partial discharge at an output path of the second
current mirror; and determining a difference between the
sensed magmtude at the output path of the first current
mirror and the sensed magnitude at the output path of the

second current mirror.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram of a circuit on which embodi-
ments of the present disclosure may be practiced.
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FIG. 2 1s a graph showing prior art voltages for a
discharge system.

FIG. 3 1s a diagram of a circuit according to an embodi-
ment of the present disclosure.

FIG. 4 is a graph of relationships between ramp rate, >
voltage, and breakdown voltage for high RC constant sys-
tems.

FIG. 5 1s a graph of relationships between ramp rate,
voltage, and breakdown voltage for low RC constant sys-
tems.

FIG. 6 1s a diagram of a circuit according to an embodi-
ment of the present disclosure.

FI1G. 7 1s a schematic diagram of a circuit embodiment of
the present disclosure.

10
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DETAILED DESCRIPTION

Embodiments of the present disclosure provide calibra-
tion of partial discharge monitoring circuitry by performing -,
as seli-test circuitry. Embodiments of the present disclosure
create a reproducible electrical discharge with controlled
discharge magnitude and breakdown voltage of the dis-
charge. Embodiments of the present disclosure provide
internal measurement of the generated discharge, allowing 25
calibration of the partial discharge monitoring circuitry or
confirmation of 1ts valid operation. Further, embodiments of
the present disclosure that create true electrical discharge are
compatible with measurement techniques such as

IEC62070. 30

One prior art calibration method uses a switched induc-
tance configuration to generate a high voltage transient and
a gas discharge tube (GDT) to create an alleged known
amount ol discharge. This discharge 1s determined by the
GDT capacitance and the breakdown voltage (BV). Such a
configuration has been used, ofi-line, in an open loop mode.
However, there are several problems with this technique.

1) The BV 1s a strong function of the voltage slew rate,
dV/dt, and varies from sample to sample. This makes the ,,
calibration signal less reproducible, making the approach
less reliable.

2) The BV changes over the age of the GDT, exacerbated
by more rapid aging at higher BV, making the approach less
reliable. 45

3) There 1s no indication of a GDT failure when it occurs.
Because of this, a user might believe that the output is
correct even though the GDT generates no discharge, or
generates discharge at a very different magnitude.

4) Correlating the discharge to IEC methods 1s diflicult at 50
least because the inductive transient used to generate the
voltage spike may be detected as partial discharge by many
systems at levels much higher than the actual discharge tube
event.

Embodiments of the present disclosure provide a varnety 55
ol approaches to generating actual discharges of reproduc-
ible magnitude, to allow for built-in self test (BIST), cali-
bration, and validation of the monitoring systems 1n electric
power equipment. The embodiments described herein offer
a calibration system and method with at least the following 60
advantages:

1) Operation may be performed under the control of a
distributed control system (DCS), supervisory control and
distributed automation (SCADA), or a local intelligent elec-
tronic device (IED). 65

2) Embodiments of the disclosure may be located perma-
nently at strategic points in an electric power system.

35

8

3) Embodiments of the disclosure are able to generate
controlled and measurable amounts of true discharge activ-
ity 1n a predetermined pattern for a predetermined duration.

One embodiment modifies and expands on the prior art
method of generating partial discharge using switched
inductanceing as discussed above. Embodiments of the
present disclosure provide improvements to the inductive
systems of the prior art that utilize a flyback transformer by
providing at least the following improvements and modifi-
cations:

1) Control of the discharge magnitude of the GDT.

2) Measurement of the actual discharge magnitude of the
GDT.

In particular, one embodiment 1s directed to a method of
using measurement of the actual discharge magnitude of the
GDT to control the discharge magnitude of the GD'T, allow-
ing reproducible calibration of a system monitoring appa-
ratus.

The prior art uses application of a fast, high voltage ramp
from a flyback transformer, applied through a resistor to a
gas discharge tube, in which the resistor was intended to
block other ringing of the flyback transformer from looking
like low frequency partial discharge.

A gas discharge tube (GDT) has a small capacitance, on
the order of 1 picoFarad (pF) with circuit parasitic capaci-
tance, and a reproducible breakdown voltage (BV) that
depends on the voltage rise rate. For example, a GDT may
break down at 90 Volts (V) for extremely slow ramp rates
(resulting 1n 90 picoCoulombs (pC) of discharge) but might
break down at 300V at a ramp rate of 100V/microsecond
(us) (300 pC) and at 600V for a ramp rate of 1000V /us (600
pC).

One embodiment 100 of the present disclosure 1s shown
in FIG. 1. In this embodiment, a resistor coupled in series
with the GDT (and therefore the tube capacitance) deter-
mines an RC time constant, which can be used by varying
the resistance to adjust the ramp rate. FIG. 1 1s a block
diagram of a basic circuit 100 on which embodiments that
allow control of the discharge magnitude of the GDT may be
practiced. Circuit 100 includes a flyback transformer 102
having a primary side 101 coupled between a switch 104 for
triggering operation of the flyback transformer 102 by
connecting power source 114 under control of switch 104 by
microcontroller/microprocessor 112 and a parallel capaci-
tance element 106. The secondary side 103 of the flyback
transformer 102 1s coupled to a gas discharge tube (GDT)
108 via a pair of inductive/resistive elements 110, and 110,.
A capacitance element 106 1s connected 1n parallel with the
GDT 108.

In one embodiment of the disclosure using a circuit such
as circuit 100, a resistance value of an inductive/resistive
clements 110, and 110, are varied to facilitate adjustment of
the breakdown voltage. In this embodiment, the resistance
between an inductive element 1n series with the capacitive
GDT 1s modulated.

In another embodiment, the energy that 1s applied to the
flyback transtformer 102 1s changed by varying a combina-
tion of the charging voltage and time to influence the
breakdown voltage.

In this embodiment, a microprocessor 112 and MOSFET
104 are used to control the charge time and repetition pattern
of the flyback transformer 102’°s primary 101. This allows
the system 100 to create a secondary pulse of a reasonably
reproducible peak voltage and ramp rate. This 1 turn
provides an open loop system with programmable and
reproducible discharge voltage and charge. The system 1s
non-contact and produces broadband UHF signatures that
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are detectable by UHF, transient electromagnetic voltage
(TRV), transient magnetic field sensors, and by IEC60270
instruments.

This embodiment uses the existing flyback transformer
102 primary-side 101 drive voltage or drive time 1 a 5
charging phase to modulate the stored energy. The stored
energy 1s the square of the time integral of the applied
voltage divided by the primary inductance (L, ). For sim-
plicity, a constant mput voltage 1s assumed and the mjected
energy is V, *t°/2L, . 10

The slew rate 1s directly proportional to the peak voltage
in the absence of a discharge event and the peak voltage 1s
proportional to the square root of the energy inserted into the
primary 101 during the charging phase. The resonant circuit
of the secondary 103, coupling circuit (110, and 110,), and 15
the GDT 108 determine the waveform of the secondary
voltage. The amount of stored energy to be discharged 1s
proportional to a term based on the impulse response, C .,
and the peak voltage (V) squared. V, *t°/L, =C, ..V, /2.

The resonant impulse response of the flyback transformer 20
102 secondary 103 may be used to determine a normalized
slew rate of the voltage at the initial leading edge, k, which
1s normalized to the peak voltage. The 1deal slew rate of the
leading edge 1s theretore kV =V, t/sqrt(C,,,.L;,). In one
embodiment, a slew rate of 1.4 kV/100 nanoseconds (ns) (14 25
kV/us) results i a very high BV on the order of 1200V and
a breakdown slew rate of 1400V/5 ns or 280V /ns, as shown
in FIG. 2. Adding series resistance (in the faun of inductive/
resistive elements 110, and 110, or simply resistance ele-
ments) between the flyback transformer 102 secondary 103 30
and the DGT 108 slows the slew rate and reduces the BV.

Another embodiment for modulating the discharge 1s to
modulate a capacitance 106 coupled 1n parallel with the
GDT 108, being additive to the capacitance of the GDT and
proportionately increasing the discharge at a given BV. 35
While this option might also reduce the slew rate and
therefore the BV, 1t will increase the charge, which 1s
Quiis~(CoprtCrxr)*BV.

The configurations described above allow control of the
discharge magnitude of the GDT, since the control circuit 40
112 may vary the time at which a constant voltage 1s applied,
the voltage applied for a constant time, or a combination of
voltage and time. Modification of the secondary-side circuit
110,, 110,, and 106 parameters, e.g. the series resistance,
series 1nductance, or parallel capacitance, 1s also possible. 45
However, there are safety and linearity concerns with elec-
tronically variable resistances or capacitances through large,
fast transients and conflicting behavior where increasing
capacitance reduces BV.

Once the discharge magnitude of the GDT 1s controlled, 50
as discussed above, self-measurement of the actual dis-
charge magnitude of the GDT may be determined. This 1s
accomplished 1n one embodiment by measurement of the
current tlowing through the GDT 108. The integral of the
current during the breakdown event 1s a direct measurement 55
of the discharge magnitude. Methods to detect the current
include the use of a sense resistor to convert the current
(~3500 pC/5 ns 1s ~0.1 A) to a voltage. However, measuring,
the waveform at a speed suflicient to allow digital integra-
tion 1s diflicult and expensive. A peak hold circuit may be 60
used 1n one embodiment, and the peak current i1s correlated
to the discharge.

A simpler method 1s to use an integrating capacitor 1n
series with the GDT. Betfore the breakdown, the GDT and
the mtegrating capacitor form a capacitive voltage divider 65
with the voltage across the itegrating capacitor just before
breakdown being V,\;~(Cprir+tCopr)(CrirtCinvitCopr)

10

*BV. Immediately after the discharge, the charge, (C .+
C,,»)*BV 1s transterred to C,,, and V,... increases by
(Cr p+Crnr )V Chrr"BV. The integration capacitor 1s much
larger than either the GDT or external capacitor, and the
voltage change can be scaled into a range suitable for an
ADC.

Ideally, the flyback circuit 100 seeks to 1solate the sec-
ondary 103 completely from the primary 101. This 1s done
both to reduce voltage stresses 1n the transformer 102 and
other insulation and to keep the large transients 1solated from
the control circuitry. The use of an integrating capacitance
would configure one node of the capacitor at control system
ground or 1solate the ADC from the control system. There
are significant challenges with MSa/s ADCs and 1solation
circuits and there are also significant challenges with ground
bounce due to the high transients of the inductive element.

Since 1t 15 not desirable to directly measure the voltage on
the GDT and since there are concerns with transients when
measuring the current directly, a buflering solution as shown
in FIG. 3 1s employed 1n one embodiment. Configuration
300 uses an integrating capacitor 302 on a distal side of a
current mirror 300 from the GDT 108, the current minor 300
coupled to receive current at 304 from the GD'T 108. Sinking
the GD'T 108 current at 304 1nto first transistor 306 produces
an 1mage current in transistor 308. The same current is
sourced by transistor 310 and an image of that current 1s
sourced by transistor 312 into integrator 302. Resistor 314
optionally limits the peak current at the expense of slew rate
(frequency bandwidth) of the discharge from GDT 108.
With 1-5 pF of total capacitance (GDT and parallel) and
1-5€2 of series resistance from resistor 314, the RC time
constant does not significantly impact the response rate.

The collector of transistor 312 1s coupled to a parallel
configuration of integration capacitor 302, an optional bleed
resistor 316, and switch 318. Switch 318 1s used 1n one
embodiment to reset the integration after a discharge. Node
320 1s a measurement point that connects to the ADC. In one
embodiment, a power supply for transistors 310 and 312
matches the power supply of the analog to digital converter
(ADC) and a microcontroller unit (MCU) for the system.
The transier efliciency of the current minors in circuit 300 1s
reproducible. This allows for the protection of the nput
transistor 306 from transients while using the current minors
(306/308 and 310/312) to reduce the influence of transients
into the measurement circuitry. In one embodiment, one
node of the secondary may be connected to primary ground.
A sensor 1s coupled to an output path of the first current
mirror, the sensor sensing a magnitude of the electrical
discharge.

The embodiments described above address layout chal-
lenges associated with ground bounce and digital circuit
reliability due to the extremely high transients of the induc-
tive circuit and the relatively high BV associated with the
high slew rate. Furthermore, the high transients stress com-
ponents that impact safety considerations and make electro-
magnetic compatibility 1ssues more challenging are
addressed. Finally, the high BV resulting 1n discharges in the
400-10000 pC range, which significantly above the levels
that customers might want to demonstrate 1n a system test,
are also addressed. This embodiment and implementation 1s
suitable for adding the aspects of control and measurement
to the inductive discharge generator.

In accordance with another embodiment, instead of using,
fast transients to generate high BV as described above, a
slowly ramped voltage 1s used to obtain breakdown at a
lower voltage. For example, a B88069X35151B502 GDT
from Epcos has a nominal DC breakdown of 90V, but the
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BV can be as high as 450V at 100V/us and 600V at
1000V/us. One inductive embodiment provides a nominal
12,000V /us without resistive limiting, which 1s reduced to
~1000V/us with resistors. Choice of ramp rates and an
amount of resistive limiting may be employed to choose
consistent discharge levels.

In another embodiment, an alternate approach uses a DC
voltage applied to a series resistance and the sum of the
paralleled external capacitance and GDT. The slew rate 1s
determined by the RC time constant of the resistance and
combined capacitance, and the discharge magnitude 1s deter-
mined by the product of the BV and the paralleled capaci-
tances. Values as low as 1 pF and 150V are practical,
bringing the calibrator more 1n line with typical “inception
voltage”™ tests at 100 pC.

In yet another embodiment, an RC time constant and a
variable magnitude step function DC voltage drive are used.
In one embodiment, for example, a low RC time constant
and a high DC voltage are used. The GDT 1s known to
trigger at a nominal voltage of 350V with a slew rate of
100V/us. However, at such a high slew rate, the stepped
wavelorm, 1tself, may be considered to be partial discharge
by some analyzers. Additionally, the resulting 350 pC may
be higher than desired. An RC value of ~17.5 us results in
a slew rate of <20V/us, which results 1 a lower trigger
voltage, or allows for a GDT with a higher breakdown
voltage at 100V/us. As shown 1n graphical form 1n FIG. 4,
the BV for one GDT 1s estimated (squares) for this RC time
constant and a 450V step. In FIG. 4, a high RC constant
provides a rising V ., passing through substantially con-
stant BV. Changes in DC voltage have a small effect on BV
and changes 1n RC time constant are used to modulate the
discharge.

If the resistance 1s 8.75 M2 from 450V, then the initial
current would be ~50 uAmperes (LWA), dropping to about 15
to 20 uA at the point of discharge. The 2 pF capacitance
would be at about 320V and would discharge about 640 pC
in nanoseconds (~0.64 Apk). This result 1s similar to the
inductive embodiment described above, except that the peak
voltages are 450 VDC and the transients are low other than
the discharge 1tsell.

If the RC time constant were reduced to 10 us (5 M£2 and
2 pF) and the driving voltage reduced to 300V, breakdown
would occur at about 25 us and 270V. The peak supply
current would be 60 uA and the discharge would be 540 pC.
At RC=5 us (2.5 MQ and 2 pF) with a 250V source,
breakdown occurs at ~240V (480 pC) and the initial current
1s 100 pA compared to the ~0.48 Apk discharge. In these
examples, the voltage 1s rising at a relatively high slew rate,
crossing a relatively constant BV line.

At lower voltages and lower RC values, as shown 1n the
graph of FIG. 5, the voltage would be fully settled and the
BV would be dropping as the slew rate approached zero.
Using a 150V source, a 1 M£2 resistor, and 2 pF for the total
capacitance (RC=2 us), breakdown will occur at about 150V
at about 12 us. The start-up current will be 150 pA and the
peak breakdown current of the 300 pC discharge will be ~0.3
ApKk.

Obtaiming reliable discharge while operating below 150V
can be diflicult, since many GDTs have “DC” breakdown
not much lower than this. Reducing the total capacitance to
1 pF (nominally, the capacitance of the GD'T and parasitic
capacitances) would lower the RC time constant to 1 us. The
BV would remain close to 150V but the discharge would be
~150 pC. This approaches the nominal 100 pC considered to
be the inception point 1n ofl-line tests of most medium
voltage assets.
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In embodiments of the present disclosure, the use of lower
supply voltages oflers lower cost, a wider range of available
components, and easier safety compliance. It also reduces
the pC discharge value that 1s created, which may be
desirable to most users. The use of RC constants on the order
of 1 us 1s employed 1n one embodiment since the BV 1s
almost equal to the nominal voltage over a wide range from
below 125V to over 300V, allowing a wide tuning range of
the discharge magnitude from nearly 100 pC to over 300 pC.

Using voltages below 400 VDC opens up many BJT and
FET options for the switching, including optoisolation tran-
sistors, as well as the use of BJT or FET devices to rezero
the stored energy between discharges. Using transistors to
clamp the capacitors to zero during the time between one
discharge and starting the next voltage ramp 1s used 1n one
embodiment to overcome 1ssues related to leakage currents

The circuit 300 shown 1n FIG. 3 1s suitable for integrating
the GDT current through the discharge. However, an error
term 1n the mtegrated current may accrue from the charging
current of the capacitance. In principle, measuring before
and after the discharge allows this to be corrected from the
measurement. However, in practice, the events happen very
quickly, and this correction may be imprecise.

FIG. 6 1illustrates a circuit 650 according to another
embodiment of the present disclosure. Circuit 650 comprises
in one embodiment a differential circuit using two identical
current measurement circuits, the first being identical to
circuit 300 and having a current mput from the GDT 108,
and the second current measurement circuit 600 being
identical to circuit 300, but having a current mput at 604
from a matching capacitance.

Circuit 600 uses an 1ntegrating capacitor 602 1n a current
mirror 600 (comparable to current mirror 300) that 1s
coupled to receive current at 604 from a capacitance that
matches that of the GD'T 108. Sinking the matching current
at 604 1nto first transistor 606 produces an 1mage current 1n
transistor 608. The same current 1s sourced by transistor 610
and an 1mage of that current 1s sourced by transistor 612 into
integrator 602. Resistor 614 optionally limits the peak
current as 1n circuit 300. With 1-5 pF of total matching
capacitance and 1-5 €2 of series resistance from resistor 614,
the RC time constant matches that of circuit 300.

The collector of transistor 612 1s coupled to a parallel
configuration of integration capacitor 602, an optional bleed
resistor 616, and switch 618. Switch 618 1s used 1n one
embodiment to reset the integration after a discharge. Node
620 1s a measurement point that connects to the ADC. In one
embodiment, a power supply for transistors 610 and 612
matches the power supply of the analog to digital converter
(ADC) and a microcontroller unit (MCU) for the system.
The transfer efliciency of the current mirrors i circuit 600
1s reproducible. This allows for the protection of the mput
transistor 606 from transients while using the current mirrors
(606/608 and 610/612) to reduce the influence of transients
into the measurement circuitry. In one embodiment, one
node of the high voltage DC circuit may be connected to the
low voltage instrumentation ground.

The difference between voltages at nodes 320 and 620 1s
attributed to the discharge. In this embodiment, circuit 300
includes meter 660 coupled between nodes 320 and 620.
Meter 660 1n one embodiment represents a diflerential
amplifier or differential ADC input. Alternately, nodes 320
and 620 may be independently measured with respect to
ground and their diflerence subsequently calculated.

A reference sensor 1s coupled to an output path of the
second current mirror. The reference sensor 1s configured to
sense a magnitude of the electrical current 1n the reference
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capacitor without electrical discharge. The meter 660 1s
coupled to the sensor and the reference sensor, the meter
generating a difference between a magnitude at the output
path of the first current mirror and the output path of the
second current mirror.

Another embodiment 700, shown 1n FIG. 7, uses a closed
loop system, 1n which a microprocessor such as controller
112 discussed above controls the ON/OFF state (via signal
705 being non-zero) and analog output voltage of a high
voltage DC supply 706, a scaled replica of which 1s seen on
V_HVDC as a feedback monitor 704. An exemplary range
of the voltage control range has a lower limit slightly above
the DC breakdown voltage of the GDT (e.g. 90V tube would
want to operate down to 100 VDC). The upper limit of the
exemplary range 1s a matter of technical choice; however
numerous salety and component reliability considerations
suggest 385 VDC as an upper limit and there 1s little
incentive to operate at substantially higher values.

Power 1s also supplied by control voltage 706 which
determines the proportional voltage on line 708 to feed a
resistance (e.g., 710) and gas discharge tube 108 that returns
the power supply 706 current through current measurement
circuit 300. By measuring the integrated current during the
discharge, the total charge transier 1s measured and the
microprocessor 702 may adjust the voltage level to alter the
ramp rate up or down and thereby adjust the discharge
voltage and total charge.

Other options for adjusting the total discharge include
varying the resistance and capacitance as described above.
In one embodiment, optoisolated transistors or P-channel
MOSFETS are used to switch 1n or out parallel resistors.
However, controlling the source voltage from the primary
side 1s safer and more reliable, thereby being the most
preferred embodiment.

Similarly, the use of switches to control shunt capaci-
tances 1s also possible. The drawback 1s that existing solid-
state switches have high capacitance and leakage currents
relative to the typical requirements. For relatively infrequent
use as a periodic seli-test system, electromechanical relays
are also a consideration.

Placing one or more relatively large series capacitances
711 between resistance 710 and GDT 108 and capacitance
721 between resistance 720 and reference capacitor 611
allows the effective capacitance of the GDT to be lowered.
Optoisolator switches could be used to switch one or more
clement 1 or out of the circuit to make the eflective
capacitance controllable. The complication associated with
this approach 1s that the varying series external capacitance
not only adjust the RC time constant, but also form a voltage
divider on the GDT, adding uncertainty to BV. Still further,
the varying series external capacitance also fauns a voltage
divider with the current mirror 1n distributing the incremen-
tal voltage increase. Finally, sufliciently large capacitances
with low leakage currents and high voltage ratings add cost
and add a source of variability.

As further shown in FIG. 7, reference current mirror
subcircuit 600 1s used as described above to allow for
discharge determination through a meter such as meter 660
as shown in FIG. 6.

Microcontroller 112 controls further aspects of the cir-
cuitry of FIG. 7, including but not limited to, turning the
power supply on and off, driving the DC voltage, clearing
integrators 302 and 602 after a measurement, and the like.

Partial discharge synthesizer embodiments such as those
described herein may be used to implement a unit or system
controlled by the DCS or an edge analytics platform. Such
embodiments would be amenable and compatible with
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operation inside energized assets. A host system could then
request calibration signals during normal operation of the
asset, providing built-in seli-testing 1n critical infrastructure.
The internal measurement system allows internal control
and compensation of the calibration signals, allowing sys-
tem monitoring apparatus to be reliably validated or cali-
brated. A fixed partial discharge reference such as those
generated by embodiments of the present disclosure may be
used to normalize, and possibly calibrate, an integrated
detector.

In one embodiment, a MODBUS RTU (and/or Ethernet)
interface 1s used to transier command response packets. The
compatibility with SCADA and DCS systems to allow on
demand synthesis of controlled and calibrated levels of
partial discharge are enabling of built-in self test (BIST) and
self-calibrating measurement systems for electric power
assets, as described 1 U.S. patent application Ser. No.
15/910,106, filed Mar. 2, 2018, entitled TRENDING FUNC-
TIONS FOR PARTIAL DISCHARGE, incorporated by ret-
erence.

Although the present embodiments have been described
with specificity, workers skilled in the art will recognize that
changes may be made 1n form and detail without departing
from the scope of the disclosure. Although the subject matter
has been described 1n language directed to specific environ-
ments, structural features and/or methodological acts, 1t 1s to
be understood that the subject matter defined in the
appended claims 1s not limited to the environments, specific
features or acts described above as has been held by the
courts. Rather, the environments, specific features and acts
described above are disclosed as example forms of 1mple-
menting the claims.

What 1s claimed 1s:

1. An apparatus for generating electrical discharge, com-
prising:

a component that generates an electrical discharge;

a measurement circuit configured to measure a magnitude

of the electrical discharge;

a controller configured to control the magnitudes of the
electrical discharge;

a first current mirror having an mput coupled to a dis-
charge path of the component that generates the elec-
trical discharge; and

a sensor, the sensor coupled to an output path of the first
current mirror, the sensor sensing a magnitude of the
clectrical discharge.

2. The apparatus of claim 1, wherein the controller 1s
turther configured to correct a magmtude of a subsequent
discharge based on a measured magnitude of at least one
previous discharge.

3. The apparatus of claim 1, wherein the component that
generates an electrical discharge 1s a gas discharge tube.

4. The apparatus of claim 3, and further comprising a
switched inductance, wherein the electrical discharge 1s
generated by the switched inductance applying a voltage
impulse to the gas discharge tube.

5. The apparatus of claim 4, and further comprising a
resistance element coupled 1n series between the switched
inductance and the gas discharge tube, wherein the magni-
tude of the electrical discharge i1s controlled by adjusting a
resistance of the resistance element.

6. The apparatus of claim 4, and further comprising a
shunt capacitance element coupled in parallel with the gas
discharge tube, wherein the magnitude of the discharge is
controlled by adjusting a capacitance of the shunt capaci-
tance element.
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7. The apparatus of claam 4, and further comprising a
capacitance element coupled 1n series with the gas discharge
tube, wherein the magnitude of the discharge 1s controlled
by adjusting a capacitance of the capacitance element.

8. The apparatus of claim 3, and further comprising:

a stepped DC voltage source; and

a resistance element coupled 1n series between the stepped
DC voltage source and the gas discharge tube;

wherein the controller 1s further configured to generate the
discharge by applying the stepped DC voltage through
the resistance element to the gas discharge tube.

9. The apparatus of claiam 8, wherein the controller 1s
turther configured to control the magnitude of the discharge
by varying the stepped DC voltage.

10. The apparatus of claim 8, wherein the magnitude of
the discharge 1s controlled by adjusting a resistance of the
resistance element.

11. The apparatus of claim 8, and further comprising a
shunt capacitance element coupled in parallel with the gas
discharge tube, wherein the magnitude of the discharge 1s
controlled by adjusting a capacitance of the shunt capaci-
tance element.

12. The apparatus of claim 8, and further comprising a
capacitance element coupled 1n series with the gas discharge
tube, wherein the magnitude of the discharge 1s controlled
by adjusting a capacitance of the capacitance element.

13. The apparatus of claim 1, wherein the measurement
circuit comprises a sense resistor 1n a discharge path of the
clectrical discharge.

14. The apparatus of claim 1, wherein the measurement
circuit comprises a Hall sensor 1n a discharge path of the
clectrical discharge.

15. The apparatus of claim 1, wherein the measurement
circuit comprises a sense resistor coupled to the discharge
path.

16. The apparatus of claim 1, wherein the measurement
circuit comprises a Hall sensor measuring electrical dis-
charge 1n the discharge path.

17. The apparatus of claim 1, wherein the measurement
circuit comprises an integrating capacitance in a discharge
path of the electrical discharge.

18. The apparatus of claim 1, and further comprising:

a second current mirror having an input coupled to a
reference capacitance matching a capacitance of the
component that generates the electrical discharge; and

a reference sensor, the reference sensor coupled to an
output path of the second current mirror, the reference
sensor sensing a magnitude of the electrical current 1n
said reference capacitor without electrical discharge;
and

a meter coupled to said sensor and said reference sensor,
the meter generating a difference between a magnitude
at the output path of the first current mirror and the
output path of the second current mirror.

19. A system, comprising;

an electric power system comprising a partial discharge
measurement component; and
a component that generates an electrical discharge;

a measurement circuit configured to measure a magni-
tude of the electrical discharge;

a controller configured to control the magnitude of the
clectrical discharge;

wherein the controller 1s further configured to perform a
built-in seli-test calibration process of measurement
instruments integral to the system by:
sequentially instructing the system to perform a seli-

test of the system and 1ts measurement nstruments
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by generating and internally measuring an electrical
discharge at a predetermined level 1n a predeter-
mined pattern;

internally measuring a response to the seli-test electri-
cal discharge with the measurement circuit;

externally measuring a system response to the inter-
nally measured discharge;

determiming a calibration state of the measurement circuit;
and

using the calibration state to adjust the measurement

circuit.

20. A method for controlling a reference partial discharge
signal 1n an electric power system using a component that
generates an electrical discharge, a measurement circuit
configured to measure a magnitude of the electrical dis-
charge, and a controller configured to control the magnitudes
of the electrical discharge, the method, comprising:

generating a partial discharge for built in self test;

controlling an expected discharge magnitude of the partial
discharge; and

measuring an actual discharge magnitude of the partial

discharge.

21. The method of claam 20, and further comprising
adjusting the actual discharge magnitude by adjusting the
expected discharge magnitude i1n response to measured
actual discharge magnitude.

22. The method of claim 20, and further comprising
correcting a magnitude of a subsequent discharge based on
a measured magnitude of one or more previous discharges.

23. The method of claim 20, wherein generating a partial
discharge comprises generating with a gas discharge tube.

24. The method of claim 23, wherein controlling the
expected discharge magnitude comprises generating the
partial discharge with a switched inductance applying a
pulse to the gas discharge tube.

25. The method of claim 24, wheremn controlling an
expected discharge magnitude comprises adjusting a resis-
tance of a resistance element coupled 1n series between the
switched inductance and the gas discharge tube.

26. The method of claim 23, wherein controlling the
expected discharge magnitude comprises coupling a shunt
capacitance element 1n parallel with the gas discharge tube
and adjusting a capacitance of the shunt capacitance ele-
ment.

27. The method of claim 23, wheremn controlling an
expected discharge magnitude comprises coupling a capaci-
tance element 1 series with the gas discharge tube and
controlling the magnitude of the discharge by adjusting a
capacitance of the capacitance element.

28. The method of claim 23, wherein controlling the
expected discharge magnitude comprises:

providing a stepped DC voltage source;

providing a resistance element coupled in series between

the stepped DC voltage source and the gas discharge
tube; and

generating the partial discharge applying the stepped DC

voltage through the resistance element to the gas dis-
charge tube.

29. The method of claam 28, and further comprising
controlling the magnitude of the partial discharge by varying
the stepped DC voltage.

30. The method of claam 28, and further comprising
controlling the magnitude of the partial discharge by adjust-
ing a resistance of the resistance element.

31. The method of claam 28, and further comprising
controlling the magnitude of the partial discharge by adjust-
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ing a capacitance ol a shunt capacitance element coupled 1n
parallel with the gas discharge tube.

32. The method of claim 28, and further comprising
controlling the magnitude of the partial discharge by adjust-
ing a capacitance of a capacitance element coupled 1n series
with the gas discharge tube.

33. The method of claim 32, wherein the capacitance
clement 1s coupled between the gas discharge tube and a
return path of the discharge.

34. The method of claim 33, and further comprising
integrating a discharge current from the gas discharge tube
with the capacitance element.

35. The method of claim 23, and further comprising:

coupling an mput of a first current mirror to a discharge

path of the gas discharge tube; and

sensing a magnitude of the partial discharge at an output

path of the first current mirror.

36. The method of claim 35, and further comprising:

coupling an input of a second current mirror to a reference

capacitance matching a capacitance of the gas dis-
charge tube;
sensing a magnitude of the current flowing in the refer-
ence capacitor 1n the absence of partial discharge at an
output path of the second current mirror; and

determining a difference between the sensed magnitude at
the output path of the first current mirror and the sensed
magnitude at the output path of the second current
mirror.
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